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Abstract: Plasticity, and in particular, neurogenesis, is a promising target to treat and prevent a wide
variety of diseases (e.g., epilepsy, stroke, dementia). There are different types of plasticity, which vary
with age, brain region, and species. These observations stress the importance of defining plasticity
along temporal and spatial dimensions. We review recent studies focused on brain plasticity across
the lifespan and in different species. One main theme to emerge from this work is that plasticity
declines with age but that we have yet to map these different forms of plasticity across species. As
part of this effort, we discuss our recent progress aimed to identify corresponding ages across species,
and how this information can be used to map temporal variation in plasticity from model systems
to humans.
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1. Introduction

Many strategies used to alleviate disease or brain damage rely on plastic features of
the nervous system. Stem cells have much potential for brain repair [1,2]; nevertheless,
their occurrence and endogenous regenerative capacity have limits in mammals [3–7].
The nervous systems of some non-mammalian vertebrates (e.g., reptiles, axolotls, fish)
have striking potential for regeneration [8–10] relative to mammals [3,4,7]. Yet, mam-
mals possess multiple forms of plasticity; examples include neuron and glial production,
synaptogenesis, and post-neurogenetic maturation [1,7,11–16]. These plastic features vary
spatio–temporally and enable brain circuits to be sculpted based on experience [7,17–20].
A theme to emerge across studies is that plasticity (e.g., cell production, synaptogenesis)
diminishes with age [21,22]. Given that species vary widely in their length of development
and lifespan, it is critical that we consider variation in schedules of development and aging
to accurately map temporal variation in plasticity from model systems to humans [23].

The environment influences plasticity, susceptibility to disease, as well as schedules of
development and aging [18,19,24–28]. These features align with the notion that the envi-
ronment impacts development at the anatomical, cellular, and molecular scales [17,28,29].
Most of these aspects, especially those based on synaptic plasticity, have been addressed
for decades in the context of critical periods [13,30]. Yet, after a flourishing of studies on
other types of neurodevelopmentally regulated structural changes (e.g., adult neurogenesis
and, more recently, the non-dividing “immature” neurons), additional biological programs
fall under the purview of “sensitive windows” (see [31,32] and below).

It is an open question as to which types of plasticity, and their time courses, are
sufficiently conserved from model systems to humans to be relevant to human health.
For instance, there has been an extensive debate as to whether hippocampal neurogenesis
declines to non-existent levels in adulthood [33,34]. Some of these controversies stem from
the fact that individuals used in these studies vary in age. Aligning ages across species per-
mits mapping and, thus, comparing temporal declines in hippocampal neurogenesis across

Int. J. Mol. Sci. 2021, 22, 9358. https://doi.org/10.3390/ijms22179358 https://www.mdpi.com/journal/ijms

https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0002-1469-8898
https://doi.org/10.3390/ijms22179358
https://doi.org/10.3390/ijms22179358
https://doi.org/10.3390/ijms22179358
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/ijms22179358
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms22179358?type=check_update&version=3


Int. J. Mol. Sci. 2021, 22, 9358 2 of 20

species [35]. One recent study revealed that hippocampal immaturity declines similarly
with age across model systems and humans once variation in developmental schedules is
accounted for. Translating ages across species addresses which biological processes vary
together and which vary separately. Efforts such as these enhance translational potential
from model systems to humans. We discuss past and recent progress on the translating
time web resource originally developed by Dr. Clancy and her collaborators [36–39]. This
online resource finds corresponding ages across species and can be used to assess how
plasticity (e.g., neurogenesis, neuron immaturity, synaptic plasticity) has been modified
between humans and model systems.

2. Plasticity: What Is It and How Does It Vary?

There are lacunae in our understanding of plasticity, especially as to whether and
how plasticity is an extension of “immaturity.” Nevertheless, some key insights are well
established. First, most forms of plasticity are retentions of “embryonic” or “immature”
features, some of which extend into postnatal ages [40–46]. Second, plasticity and immatu-
rity progressively decrease with age [21,47]. Third, plastic changes vary by brain region,
such that there is “differential” maturation across regions and cell populations (see below).
Fourth, structural changes embrace a wide range of “types and scales,” with microscopic
modifications affecting small portions of pre-existing cells (neurons, glia; e.g., synaptic
plasticity) and more macroscopic changes varying at the level of cell numbers (adult neuro-
genesis, gliogenesis). Fifth, plastic changes vary remarkably among mammalian species
according to their developmental schedules [32,35–37,48–52].

These distinctions appear semantic but distinguishing them builds a shared termi-
nology. Whether adult neurogenesis or “plasticity” is intended to describe dendritic or
synaptic changes of newly born neurons is not always clear [53]. The genesis of neurons
followed by their post-neurogenetic maturation can be viewed as two distinct processes, or
as one multistep process, involving cell division, cell specification, migration, differentia-
tion, and integration through synapse formation [14,54,55]. Similarly, neurogenesis spans
prenatal and postnatal ages extending into adulthood in select regions such that there is no
clear distinction between neurogenesis in development and in adulthood [44,45,56]. As
a consequence, confusion arises in reference to adult neurogenesis, immaturity, as well
as plasticity. Immaturity is a temporary state of the cell, whereas plasticity is an action.
These points raise the issue that plasticity may occur in the absence of immaturity (e.g., the
retention of a cytoskeletal molecular machinery allowing structural modifications of the
cells or the existence of a stem cell “niche”). The relationship or meaning of “maturation,”
“plasticity,” and “senescence” are not always clear. Does “immaturity” enable plasticity,
and delay senescence? Is a mature brain antecedent to senescence? Plasticity spans multiple
stages of development, including neurogenesis, cell integration, as well as neuronal loss.
It is timely to consider forms of plasticity over the course of development to unravel the
cellular, molecular, and genetic substrates underlying neuron and brain maturation, and
the biological significance of retaining immaturity in the CNS (see also [57] and below).

Brain plasticity is intrinsically linked to critical periods. These are “temporal windows”
during which neural circuits can be modified by activity and experience, both of which
are necessary for proper neural circuit assembly [30]. Studies of visual, auditory, and
somatosensory maps have historically focused on synaptic plasticity during early postnatal
development [13]. Adult neurogenesis, which was highlighted as an important biological
process in the 1990s, spans critical periods in select regions, and fosters the retention of
immature features (e.g., the olfactory system; see [31]), though the timelines of neurogenesis
are characterized by remarkable species differences [52,58,59].

Plastic processes are highly heterogeneous (Figures 1, 2B and 3B). At least three
main types of structural plasticity are recognized. First, synaptic plasticity, which refers
to modification in contacts between neurons through the formation and elimination of
synapses [11,60]. Such plasticity impacts contacts among pre-existing neurons and, thus,
may be considered a form of immaturity persisting only at the very tip of the neuronal
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processes. These possibly occur within a neural network substantially assembled and
“mature.” Second, adult neurogenesis is intended as the stem cell-driven formation of
new neurons in the postnatal brain [1,14,15,61]. The extension of embryonic neurogenesis
requires stem cell division maintained by a stem cell niche (an “immature” or “embryonic-
like” environment [62]). This is important because neurogenesis in the adult brain requires
both active stem cells within a conducive environment (niche). These are features present
in very specific neurogenic sites [44,63]. Third, a later-discovered population of “imma-
ture” neurons (Ins) are generated prenatally and continue to express genes indicative of
immaturity throughout adulthood in the cerebral cortex [12,64]; see below. This popula-
tion of “non-newly generated, immature” neurons (nng-Ins) has been considered a novel
form of “neurogenesis without division” [12,64–68]. The cortical nng-Ins might represent
a novel form of plasticity by maintaining an undifferentiated (but regionally specified)
population of young neurons in a region not endowed with stem cells and their niches.
Neurons can delay immaturity “at an intermediate level”, by providing undifferentiated
elements within a neuronal network otherwise already “mature” and in the absence of cell
division [7]. Since these cells persist through the lifespan (though progressively decreasing
in number [32,66]), they may be considered as a variant on the theme of critical periods
remaining open for a long time.
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level (from the small modifications of synaptic contacts between pre-existing neurons to different 
types of “addition” of neuronal elements). On the right, the same processes are viewed at the whole 
brain level across the lifespan, determining differential maturation of various neural systems/cir-
cuits (brain regions) with remarkable differences depending on the animal species. Most of the nat-
urally occurring plasticity plays a “physiological” role in brain postnatal development/sculpting 
and adaptation (center). Bottom, possible outcomes after lesion/disease (reactive plasticity) are lim-
ited in mammals, the main role of brain immaturity/plasticity being related to the postnatal brain 
development. A substantial difference in brain regeneration capability exists between mammals and 
non-mammalian vertebrates. 
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Brain maturation is frequently carried out with neuroimaging techniques in longitu-

dinal studies [28,29]. These methods have been used to investigate morphological changes 
across the lifespan in health and in disease and across large-scale populations. Neverthe-
less, the diverse methods used across studies may contribute to inconsistencies across the 
literature [81]. Given these metrics focus on the macro- rather than the micro-scales, prob-
ing molecular, histological, immunohistochemical, and genetic levels can provide more 
complete insights into biological programs occurring across cell and subcellular scales. 
The heterogeneity in cellular constituents and plastic processes make the integration of 
macro- and micro- scales a challenge. Bridging scales of study at the genetic and neuroim-
aging scale will yield a more complete understanding of biological programs underlying 
plasticity [23].  

In a recent review article [57], neuronal maturation at the cellular level has been ad-
dressed and conceptualized as “a research field that will have a strong impact on under-
standing the healthy and diseased nervous system.” The authors further state that “iden-
tifying the key mechanisms underlying neuronal maturation has the potential to reverse 
this process in adulthood, thereby facilitating regeneration.” In this case, they were refer-
ring to axonal regeneration [82], a process occurring in the mammalian CNS, which is very 
different from “brain regeneration”. Regenerative events are hardly present in mammals 
[4,5,7] (Figure 1), and are a feature of non-mammalian vertebrates that retain widespread 

Figure 1. There are different types of structural plasticity which are linked to neuronal and brain
immaturity. On the left are listed the main types of plasticity considered at a cellular/subcellular
level (from the small modifications of synaptic contacts between pre-existing neurons to different
types of “addition” of neuronal elements). On the right, the same processes are viewed at the whole
brain level across the lifespan, determining differential maturation of various neural systems/circuits
(brain regions) with remarkable differences depending on the animal species. Most of the naturally
occurring plasticity plays a “physiological” role in brain postnatal development/sculpting and
adaptation (center). Bottom, possible outcomes after lesion/disease (reactive plasticity) are limited
in mammals, the main role of brain immaturity/plasticity being related to the postnatal brain
development. A substantial difference in brain regeneration capability exists between mammals and
non-mammalian vertebrates.
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(B) A brief survey of the main biological (plastic) processes involved in brain plasticity and matura-
tion, adding detail to scheme (A), highlight the heterogeneity of variables to be taken into account 
by comparing animal models. 
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often addressed from different angles by neurobiologists, neuroimagers, and neuropa-
thologists. More interdisciplinary approaches are required. In particular, there is a need 
for improvements in defining “maturation”, as it pertains to neurons, and its relevance to 
“plasticity” in its different forms (Figures 1 and 2). The cellular and molecular aspects of 
neuronal maturation have been extensively studied (though we surely need a deeper un-
derstanding; see [57]). On the topic of brain maturation, more work is needed, especially 

Figure 2. Immaturity persisting prior to the full maturation of the nervous tissue can grant plasticity,
yet the processes involved occur differently depending on four main variables. Plasticity varies by
species, brain region, and age. (A) Sagittal view of the mouse brain is used to represent mammalian
brain regions (e.g., the immature neurons are not present in the mouse neocortex but they can
be found in many large-brained species; see text) and to summarize the extreme heterogeneity of
plasticity/immaturity in mammals. Due to a lack of comparative (and comparable) quantitative
studies across widely different species, the current knowledge is far from being complete and merits
further investigation in large-brained mammals in order to integrate data obtained in laboratory
rodents. (B) A brief survey of the main biological (plastic) processes involved in brain plasticity and
maturation, adding detail to scheme (A), highlight the heterogeneity of variables to be taken into
account by comparing animal models.



Int. J. Mol. Sci. 2021, 22, 9358 5 of 20
Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 11 of 20 
 

 

 
Figure 3. (A) Two molecules defining neuronal immaturity and most used as immunocytochemical 
markers for studying different forms of plasticity, including neurogenesis, adult neurogenesis and 
“immature” neuron detection. Doublecortin is a cytoskeletal protein involved in multiple structural 
changes of the cells; PSA-NCAM is an anti-adhesive, membrane-bound protein endowed with pol-
ymers of sialic acid on the extracellular domain. Scale bars, 10 µm. (B) DCX and PSA-NCAM are 
frequently co-expressed in cell populations associated with biological processes spanning a very 
wide spectrum, from neurogenesis to senescence. For this reason, these markers (if used alone, for 
instance, not in association with other –, e.g., cell proliferation markers) cannot specifically identify 
one of these processes. In addition, though sharing the same markers, some plastic cell populations 
remarkably vary in their amount and distribution depending on animal species among mammals. 
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markers overcomes this issue (e.g., co-expression of DCX/PSA-NCAM with cell prolifer-
ation markers to identify or exclude neurogenesis) and provides internal positive controls 

Figure 3. (A) Two molecules defining neuronal immaturity and most used as immunocytochemical
markers for studying different forms of plasticity, including neurogenesis, adult neurogenesis and
“immature” neuron detection. Doublecortin is a cytoskeletal protein involved in multiple structural
changes of the cells; PSA-NCAM is an anti-adhesive, membrane-bound protein endowed with
polymers of sialic acid on the extracellular domain. Scale bars, 10 µm. (B) DCX and PSA-NCAM
are frequently co-expressed in cell populations associated with biological processes spanning a very
wide spectrum, from neurogenesis to senescence. For this reason, these markers (if used alone, for
instance, not in association with other –, e.g., cell proliferation markers) cannot specifically identify
one of these processes. In addition, though sharing the same markers, some plastic cell populations
remarkably vary in their amount and distribution depending on animal species among mammals.

Recent studies highlighted that the landscape is more complex, since in other brain
areas, e.g., some subcortical regions, a mix of neurogenic and non-neurogenic plastic
processes concomitantly exist, possibly varying by age [69–71]. In addition, several re-
ports revealed remarkable phylogenetic variation in rates and types of plasticity across
mammals [32,52,59,72], suggesting that some plastic processes underwent an evolution-
ary trade-off on the basis of brain size [32,52,73]. Synaptic plasticity, adult neurogene-
sis, and “immature” neurons show substantial differences in their occurrence, location,
and extent across the lifespan (Figure 2A) [32,52,59,73,74]. Stem cell-driven adult neu-
rogenesis is substantially decreased in large-brained species [47,52,72,75,76], including
humans [33,58,77,78], with respect to its high rate/lifelong features in laboratory rodents
(Figure 2). On the other hand, the populations of nng-INs immature neurons (almost
absent in the rodent neocortex) are abundant in the expanded neocortex of large-brained
mammals [32]. For some of these structural aspects, the progressive reduction in plastic
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features over the lifespan is species-specific [33,58,77,78]. These observations may im-
pact the validity of using laboratory rodents as models to study humans [70]. According
to a recent interpretation, the postnatal genesis of neurons in mammals should not be
considered as a classic renewal/regenerative process (similar to what happens in stem
cell systems of other body tissues or in the fish brain), but as a rather slow process to
complete the development of certain neural circuits [7,17,20,79]. Such processes appear
to be linked to specific behaviors and socio-ecological specializations, which widely vary
among mammals [72,80].

Considering various forms of plasticity together may maximize the probability of
identifying therapeutic and preventive interventions for neurological disorders and the
maintenance of brain efficiency through aging. A complete mapping of brain maturation
heterogeneity in different mammalian species is at present lacking. Systematically map-
ping these different forms of plasticity across species would permit relating these data to
humans.

3. From Neuronal to Brain Maturation: Definitions and Heterogeneity

Brain maturation is frequently carried out with neuroimaging techniques in longitudi-
nal studies [28,29]. These methods have been used to investigate morphological changes
across the lifespan in health and in disease and across large-scale populations. Never-
theless, the diverse methods used across studies may contribute to inconsistencies across
the literature [81]. Given these metrics focus on the macro- rather than the micro-scales,
probing molecular, histological, immunohistochemical, and genetic levels can provide more
complete insights into biological programs occurring across cell and subcellular scales. The
heterogeneity in cellular constituents and plastic processes make the integration of macro-
and micro- scales a challenge. Bridging scales of study at the genetic and neuroimag-
ing scale will yield a more complete understanding of biological programs underlying
plasticity [23].

In a recent review article [57], neuronal maturation at the cellular level has been
addressed and conceptualized as “a research field that will have a strong impact on
understanding the healthy and diseased nervous system.” The authors further state that
“identifying the key mechanisms underlying neuronal maturation has the potential to
reverse this process in adulthood, thereby facilitating regeneration.” In this case, they were
referring to axonal regeneration [82], a process occurring in the mammalian CNS, which
is very different from “brain regeneration”. Regenerative events are hardly present in
mammals [4,5,7] (Figure 1), and are a feature of non-mammalian vertebrates that retain
widespread stem cells through adulthood as well as the ability to re-activate developmental
programs [9,83].

Until now, the issue of brain maturation related to age has been under-estimated, and
often addressed from different angles by neurobiologists, neuroimagers, and neuropathol-
ogists. More interdisciplinary approaches are required. In particular, there is a need for
improvements in defining “maturation”, as it pertains to neurons, and its relevance to
“plasticity” in its different forms (Figures 1 and 2). The cellular and molecular aspects
of neuronal maturation have been extensively studied (though we surely need a deeper
understanding; see [57]). On the topic of brain maturation, more work is needed, especially
considering the emerging phylogenetic variation [32,52] (Figure 2). Furthermore, it is be-
coming increasingly clear that other than cell-intrinsic properties, a crucial role in allowing
(or hampering) structural plasticity is played by the tissue environment in which the cells
live, including the extracellular matrix and the perineuronal nets [84–87]. Accordingly,
plasticity should be defined as a balance between the cell-intrinsic potential for structural
changes (depending on neuronal maturation) and the limits or opportunities provided by
the surrounding environment (depending on brain maturation).

A key open question is: how is the process of maturation differentially regulated
in specific cell populations or neural circuits? We know that structural changes occur at
specific locations wherein a proper “immaturity” of the local brain environment can allow
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them, such as in the dentate gyrus of the hippocampus, in the subventricular zone, and in
the olfactory bulb layers [84–86,88,89]. Yet, it is only in the hippocampus that the site of
neuronal maturation and integration is proximal to the site of genesis. This is in contrast
with the olfactory bulb, which is situated millimeters away from the periventricular stem
cell niche, and in which migration occurs within astrocytic “glial tubes” [90,91]. In the case
of cortical nng-INs, the situation is different (and substantially unexplored) since there is
no recognizable “niche” or neural progenitors [7]. Thus, the question is: how are these
neurons maintained in an immature state within no apparent immature microenvironment?
Is there an involvement of perineuronal nets or surrounding astrocytic processes [65,92]?
A recent report in which the polysialic acid polymer of the PSA-NCAM was enzymatically
removed showed an increased maturation of the cortical nng-Ins in the mouse piriform
cortex [93]. These data showcase the importance of the pericellular microenvironment in
the maturational process.

In addition to heterogeneity across different “types of plasticity”, the occurrence and
features of structural changes can vary extensively across mammals [32,47,52,59,72,73,80]
(Figure 2), highlighting the complexity in translating these findings from model systems
to humans. While synaptic plasticity is considered to span the CNS in a rather invariant
way among species, adult neurogenesis and the presence of “immature” neurons show
substantial differences in their occurrence, location, and amount across the lifespan of
mammals [32,52,59] (Figure 2). Much work is yet to be conducted to track different forms
of brain plasticity and immaturity over the lifespan and in different species.

Finally, an important, emerging question is: can maturity be reversed in specific
cell populations? Apparently yes [94], but it is not clear whether this fact might lead to
positive outcomes, at least in mammals. In non-mammalian vertebrates, (e.g., fish), a
process of de-differentiation can be activated after brain damage or inflammation, which
leads to regenerative processes involving stem/progenitor cells and the reactivation of
developmental programs [9,83]. In mammals, this does not happen in an organized man-
ner, though reactive neurogenesis from endogenous neurogenic sites or reprogramming
of parenchymal astrocytes that re-acquire stem cell properties can occur [95–97]. Nev-
ertheless, these reactive changes usually do not lead to an effective tissue regeneration,
mostly remaining as aberrant/abortive reactions likely due to an unfavorable tissue envi-
ronment [7]. Finally, the outcome of reactive neurogenesis and cell reprogramming should
not be confused with another process called “dematuration”, which is associated with
the re-expression of molecules associated with immaturity (e.g., DCX and calretinin), and
which has been described to occur in old individuals as a consequence of inflammation,
neuronal hyperexcitation, and drug administration [98]. Dematuration is a process in which
“mature neurons dedifferentiate to a pseudo-immature status and re-express the molecular
markers of neural progenitor cells and immature neurons” [98,99], and is different from
de-differentiation. In summary, the complex, heterogeneous issue of brain maturation, as a
prerequisite for plasticity, is important in normal CNS postnatal development, influenced
by the environment [28], and potentially fundamental in preventing or curing a wide range
of neurological disorders.

4. Maturation in the Mammalian Brain According to Location, Age, and Species:
Examples and Implications for Human Brain Plasticity

Postnatal/adult plastic processes span the genesis and assembly of the neuronal popu-
lation/circuit (e.g., the postnatal genesis of the cerebellar granule cells) to the modifications
at the tip of neuronal processes (e.g., synaptic plasticity). These occur in a substantially
mature nervous tissue. Hence, at a certain time point, neural circuits must be necessarily
endowed with different gradients of maturation. Such a “differential maturation” occurs in
different brain regions and neuronal populations, and shows remarkable variation among
mammalian species (even among individuals), leading to a highly heterogeneous landscape
(Figure 2). Due to the complexity of this topic, a full description is still lacking, but we
include a few examples.
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(i) Neurogenesis occurs postnatally (postnatal genesis and formation of neural circuits).
The production of cerebellar granule cells extends beyond birth, through the transient
existence of a subpial germinative layer (the external germinal—or granule—layer) and,
subsequently, ceases sharply after the exhaustion of progenitor cells [100]. Apart from their
prenatal origin from progenitors located in the anlagen of the rhombic lip, all cerebellar
granule cells are produced during the early postnatal period (about 3 weeks in mouse and
1 year in humans). The external granule layer expands from a thin subpial layer to six-to-
eight-cell layers deep. Following clonal expansion, the granule cell precursors exit the cell
cycle and migrate radially along the radially oriented Bergmann glia fibers. Post-migratory
granule cells settle in the nascent granular layer, where they extend dendrites and form
synapses with mossy fiber afferent axons [100,101] (Figure 2B). The genesis of cerebellar
granular neurons, which outnumber cortical neurons’ numbers, display a wide range of
plastic processes that are typical of neural development. Those include cell proliferation,
specification, long-distance migration, differentiation, maturation, and the establishment
of functional neural circuits. We have yet to translate the timeline of biological programs
within the cerebellum across species to identify which developmental processes occur for
an unusually long time in select taxonomic groups.

(ii) Neurogenesis extends postnatally (refinement of neural circuits by the addition of new ele-
ments). Postnatal neurogenesis in two canonical neurogenic sites, the olfactory bulb and the
hippocampus, has been extensively studied [14,15,44,102]. A recurrent bias or misunder-
standing has been present since the discovery of adult neurogenesis. This biological process,
first considered as a “regenerative” event similar to other stem cell systems in the body, is
now recognized as a possibility of a progressive addition of new neurons in neural circuits
that are already formed (and then are not continuously/completely renewed), in order to
“sculpt” them on the basis of the animal experience, especially during youth [17,19,20,103].
Dissimilar to the correspondent processes in non-mammalian vertebrates, this prevalent
“neurodevelopmental feature” of mammalian neurogenesis is accompanied by a scarce
capacity for brain repair and regeneration [7].

Different roles and modes of integration have been observed for olfactory and den-
tate gyrus neurogenesis (respectively, maintenance and reorganization of some olfactory
bulb neuronal populations versus the modulation and refinement of existing neuronal
circuits [104]). Indeed, most of the old neurons are replaced by new neurons in the deep
regions of the olfactory bulb, and half of the population is replaced in the superficial regions
in mice. On the other hand, most neurons are maintained in the dentate gyrus where these
new hippocampal neurons contribute to an increase the whole granule cell number during
adulthood [104]. As discussed in a recent review article [31], the olfactory system neuro-
genesis shares little in common with classic models of critical periods, including ocular
dominance, auditory maps, or barrel cortex plasticity. Present evidence argues that “it is
unique among sensory systems” in displaying the potential for persistent circuit plasticity
rather than the experience-induced functional rigidity and anatomical consolidation that
characterizes classical models of a critical period [31]. Thus, olfactory bulb neurogenesis
displays a singular form of neoteny, delaying immaturity or slowing maturation.

Both neurogenic processes can continue during adulthood in mammals, yet they
present two important aspects. First, their rate remarkably decreases with age in all species
considered, including laboratory rodents [22,35]. Second, they have been shown to be
limited to early postnatal–young stages in large-brained mammals [35,52,58,59,76,78].

The problem of determining the mere existence of hippocampal neurogenesis in
humans illustrates that translational tools are needed to extrapolate information from
model systems to humans [35]. A previous study considered the relative number of
hippocampal DCX+ cells in different species and at different ages [35]. The relative number
of DCX+ neurons decreases with age, accompanied by a decrease in cell division, which
reflects an actual decrease in adult neurogenesis. Of interest, similar patterns of decline
in the relative number of DCX+ cells across species were observed once ages of model
systems were aligned to human age. According to these data, the relative number of newly
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generated cells is expected to decline to hard-to-detect levels towards childhood. These
data are consistent with the prediction determined by Sorrells et al. [33,78] who report
that the relative number of newly born neurons decline to hard-to-detect levels during
childhood in humans. It is clear from studies across humans and model systems that some
immature neurons (DCX+ neurons) might persist in adulthood because of the availability
of markers to capture such processes [16,99,105]; see below. Olfactory and hippocampal
adult neurogenesis occur with different rates and time courses in humans. It would be of
interest to investigate how neurogenesis vary more broadly across species once variations
in developmental schedules are accounted for.

(iii) Non-newly generated, cortical “immature” neurons (nng-INs; neurogenesis without
division). These neurons are generated prenatally and retain the expression profiles of
markers indicative of immaturity (see above). These neurons can progressively mature
through the lifespan and integrate as functional neurons in the layer II of the cerebral cortex,
namely, a brain region that is not endowed with stem cell-driven neurogenesis [65–67,93].
In this case, a whole cell retaining immature features is surrounded by a neuropil composed
of mature neurons. It is thought that the cortical nng-INs possess few or no synapses
and are isolated from the surrounding functional circuits (likely by a sheet of astrocytic
lamellae [65]). The mechanism(s) allowing these neurons to stop differentiating at a certain
stage of maturation are still completely obscure, and it is intriguing that they do not
undergo cell death in the absence of connections with other neurons. All these aspects
are worthwhile of further investigation since nng-INs might represent an evolutionary
twist allowing the cerebral cortex to circumvent its lack of stem cell-driven neurogenesis.
Accordingly, a remarkable phylogenetic variation characterizes the cortical nng-INs of
mammals, with far larger amount (cell density) and regional extension (from paleocortex
to neocortex) when shifting from small-brained to large-brained species [32]).

(iv) Refinement of neural circuits by modification of pre-existing elements. Several types
of structural changes fall into this category (e.g., synaptic plasticity, pruning, neuro-glial
plasticity). Due to a large literature covering these aspects, we will not address these
processes here. Rather, we underline the fact that, despite undoubted improvements con-
cerning technological advances allowing the establishment and maintenance of neural
circuit architecture [106,107], it is very difficult to quantify such processes among different
species, brain regions, and ages. Another important chapter of postnatal brain maturation
is linked to myelination, a process which contributes to critical periods and crystallized cir-
cuits [108,109]. The division of oligodendrocyte progenitor cells plays a role in myelination,
which is a widespread phenomenon across the CNS and is more common than neuron
production during postnatal development [79]. Additionally, these plastic processes show
remarkable interspecies differences, which make it difficult to reconcile data obtained in
mice and humans [6,110]. Hence, we have limits to our capability to define (and measure)
the degrees of CNS tissue immaturity due to an intermix of different cellular and molecular
features leading to plastic changes, which can vary among individuals as a consequence of
their life experiences.

Overall, these examples illustrate how very different processes and cell-environment
interactions can be observed. For instance, cells producing the cerebellar granule cell
layer act postnatally in an “embryonic-like” environment (see [101] for the molecular
machinery involved), which is different from the modified environment characterizing the
stem cell niche/neurogenic sites in adult neurogenesis [45], and completely different from
the mature neural circuits surrounding the cortical nng-INs [12,32,65]. These wide-range
situations depict the heterogeneity of brain structural plasticity across regions and ages. Of
importance, new “subtle” forms of structural changes have been (and are) continuously
demonstrated beside the more striking, and deeply studied, neurogenic processes. Recent
reports highlight the importance of these new, non-canonical, forms of plasticity for large-
brained mammals, including humans [7,12,16,32,59,64,99,111].

The importance of various forms of plasticity extending into adulthood is evident
from multiple levels. Progressive maturation provides a window of opportunity for
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structural changes (plasticity) and enables cell populations to be shaped by life experience,
and to adapt to different situations. The exclusive reliance on laboratory rodents as an
experimental model to understand human biology is limiting. In this context, a novel
approach for studying brain maturation across species (the importance of addressing this
issue in primates) focuses on extracting time points across biological programs throughout
ages to find corresponding ages across species.

Role of Brain Plasticity and Immaturity in Psychiatric and Neurological Disorders

It is well known that alterations in brain maturation and plasticity are linked to the
emergence of neurological disorders [112–117]. In particular, schizophrenia and psychosis
spectrum disorders are associated with an impacted timeline of brain maturation [29,118].
Though the precise mechanisms associated with the emergence of neurological disorders
remain elusive, research in neuroimaging have started to shed some light on the problem.
For instance, we know that the mis-wiring of prefrontal areas, resulting from genetic or
environmental cues, act during brain development, and contribute to cognitive impairment
in psychiatric disorders [112,114]. In schizophrenia, the dysfunction of local circuitry within
the prefrontal cortex and its long-range connectivity is linked to aberrant maturation and
connectivity [115]. The high adaptability of the adolescent brain might make it particularly
vulnerable to an abnormal formation and refinement of connections [119]. Some psychiatric
disorders, such as schizophrenia, anxiety, and depression, show an onset of symptoms
towards the end of this maturational period [120].

Plastic changes, induced by lifestyle in the young and immature brain, are useful to
cope with normal and pathological age-related cognitive decline [121,122], likely, through
the establishment and implementation of the so-called “brain reserve” [24,27,103,123]. It is
now clear that beneficial lifestyle choices may promote changes that enhance cognition,
such as angiogenesis, synaptogenesis, and neurogenesis [124]. According to a recent inter-
pretation, critical periods, in which experience instructs neural networks to develop into
a configuration that cannot be replaced by alternative connectivity patterns, are different
from sensitive periods. Experience leads to many possible network configurations or con-
nectivity patterns that can compensate for each other and are subjected to remodeling [125].
Advances regarding the use of developmental manipulations in the immature brain of
animal models are the basic preclinical systems that will allow the future translatability of
timely interventions into clinical applications for neurodevelopmental disorders such as
intellectual disability, autism spectrum disorders, and schizophrenia. Nevertheless, besides
the involvement of neurotrophins, semaphorins, and GABA deficits [115,118,120,126], little
is known about the molecular substrates regulating the relationship between plasticity,
maturation, and neurological disorders. Since different sensitivity in plastic responses
can be found at different, critical ages (postnatal stages, adolescence, youth, aging), it is
not easy to translate results obtained in animal models (especially short-living laboratory
rodents) to the lifespan and lifestyle of long-lived species such as humans. In summary,
the evident involvement of plasticity and brain maturation across a wide range of psy-
chiatric and neurological disorders (both in their pathogenesis and in the perspective of
their prevention/treatment) must find more solid neurobiological bases, as well as further
knowledge in the translating time science to enhance interpretation of findings from animal
model-based studies [36,38].

5. Molecules of Immaturity: Their Limits and Use/Misuse as Markers

Most of the current knowledge concerning CNS “immaturity/maturity” relies on the
immunocytochemical detection of markers. The main molecules used with this purpose
have been reviewed [12,54,55,127–129]. Here, the aim is to underline their limits, since
most of these markers are insufficient to characterize the nuances of immaturity, for at least
two reasons. First, they are not always specific for the precise identification of maturational
stages. Second, their expression can vary remarkably in different systems, ages, and
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species. As an example, we will focus on two of the most used markers: Doublecortin and
PSA-NCAM (Figure 3).

Doublecortin (DCX) is a microtubule-associated protein expressed by migrating neu-
roblasts in both developing and adult mammals [130–132]. It plays a crucial role for
microtubule stabilization, nuclear translocation during neuronal migration [133], and
growth cone dynamics [134]. In humans, it is essential for normal brain development,
and mutations cause X-linked lissencephaly with the characteristic defect in cortical layer-
ing [135]. This protein is expressed by several cell populations varying in morphology and
across immature cell populations. DCX expression begins in dividing neuronal precursor
cells and is then downregulated to undetectable levels when neurons begin differentiat-
ing [127]. Through the years, these characteristics led to the misunderstanding that DCX
could be a specific marker for adult neurogenesis. Yet, we now know that it can be found
in widely different CNS cell populations, including non-newly generated neurons [12,16];
see below.

PSA-NCAM (polysialylated form of N-CAM; “embryonic” N-CAM), a member of
the immunoglobulin superfamily of adhesion molecules, is an anti-adhesive form of N-
CAM [136,137]. Polysialic acid (PSA) is a large carbohydrate added post-translationally to
the extracellular domain of the transmembrane protein N-CAM; thus, leading to a reduction
in the interaction between cell expressing PSA-NCAM and the surrounding neuropil [138].
In the developing nervous system, it promotes dynamic cell interactions, such as those
responsible for cell migration, axonal growth, terminal sprouting, and target innervation.
In the adult nervous system, its expression is restricted to regions displaying different
forms of plasticity and neurogenesis [127,137]. Similar to DCX, PSA-NCAM can be found
both in newly generated neurons and in non-dividing “immature” neurons [12,16,32,64]
(Figure 3).

DCX and PSA-NCAM are often co-expressed in newly born/young neurons and for
this reason, in the past, were commonly considered associated with striking aspects of
structural plasticity, such as adult neurogenesis and cell migration [127,128,132]. Nev-
ertheless, it is now clear that they are also expressed by resident neurons (non-newly
generated, non-migrating cells) that are generated during embryonic development (e.g.,
the nng-INs in layer II of the cerebral cortex [12,16,65,69,93,139–141]). In addition, DCX
and PSA-NCAM expression has been described in similar cell populations located in sub-
cortical regions (both in white and grey matter), and it is far from clear whether they are
generated postnatally or not [69–71,142–144]. Hence, it remains an open question as to
whether DCX is transiently expressed in immature neurons for similar lengths of time in
humans as in rodent and how such transient expression changes with age and in different
species [16,59,71,99,145]. Finally, PSA-NCAM is also expressed in many regions of the adult
brain in association with neuronal-glial and synaptic plasticity (e.g., in some hypothalamic
nuclei [138,146]).

While these markers can be used to detect “states of immaturity”, they cannot be
selectively linked to specific biological processes (see Figure 3B). The use of multiple mark-
ers overcomes this issue (e.g., co-expression of DCX/PSA-NCAM with cell proliferation
markers to identify or exclude neurogenesis) and provides internal positive controls [33,59].
The landscape of maturity/immaturity in the CNS is more complex due to interspecies
differences. Considering diverse mammalian species from rodents to large-brained mam-
mals raises the issue that cell populations across brain regions vary remarkably in the
expression of the abovementioned markers. This is the case of the cortical nng-INs, which
are abundantly present in the neocortex of sheep, cats, and chimpanzees, but are restricted
to the piriform and entorhinal cortex in laboratory rodents [32].

6. Building on Translating Time to Align Ages across Species

Aligning temporal variation in plasticity in different species informs which biological
programs are conserved, and which occur for an unusually long or short time in humans.
One application to aligning ages is its ability to map temporal patterns of plasticity from
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model systems to humans. We developed norming procedures to compare brain develop-
ment and aging across species, and we illustrate how we can harness information from
model systems to predict temporal patterns of plasticity in humans.

The need to translate findings across model systems and humans led to the develop-
ment of an online resource called the translating time project, which finds corresponding
ages across the lifespan of humans and model systems. The “translating time” model
(www.translatingtime.org, accessed on 28 July 2021) finds corresponding ages during fe-
tal stages of development across 18 mammalian species and humans, which extends up to
2 years of age in humans and their corresponding ages in other species. The resource relies
on time points captured from abrupt changes in developmental programs across species
to find corresponding ages mostly during fetal stages of development across humans and
model systems. Focusing on abrupt transformations, they are especially well suited to
finding corresponding time points at prenatal stages of development, but abrupt transfor-
mations become increasingly sparse with age. We, therefore, developed new methods to
find time points at postnatal ages in humans and model systems to harness abrupt and
gradual changes in the timing of biological programs to extend the translating time model
to span postnatal ages (Figures 4 and 5).
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at different postnatal ages in mice and non-human primates to predict the temporal pat-
tern of hippocampal neurogenesis in humans (Figure 5). If the temporal pattern of hippo-
campal neurogenesis is conserved across rodents to humans, hippocampal neurogenesis 
should decline sharply during childhood to hard-to-detect levels. These findings align 
with reports by Sorrells and colleagues [33,78] (Figure 5). We have yet to align other forms 
of brain plasticity from model systems to humans. It is unclear whether transient expres-
sion in DCX spans similar timescales in humans and model systems and whether the rel-
ative number of DCX positive cells captures neuron production or neuron immaturity. 

Figure 4. (A) We identified corresponding ages between humans (top panel) and in mice from abrupt
transformations in behavior, anatomy, and transcription [37,51]. According to these data, a 2-year-old
human corresponds to a mouse on postnatal day 56. A 30-year-old human is equivalent to a 6-
month-old mouse. Aligning ages enables identifying whether the gradual decline in DCX expression
shares a similar temporal pattern in humans and in mice. According to these data, DCX is difficult
to detect after post-natal day 56, which corresponds to 2 years of age in humans. (B) Schematics
illustrate the location and spatial organization of the human and murine hippocampus. Hippocampal
neurogenesis extends postnatally in the dentate gyrus. (C) Images of doublecortin (DXC) mRNA
expression, used as a marker of immature neurons, show that DCX expressions (arrows) in the
dentate gyrus gradually decline with age in mice. Expression levels are relatively high at postnatal
day (PD) 28 but steadily decrease from postnatal day 28 to 18 months of age. By 18 months of age,
DCX expression is difficult to detect in the murine dentate gyrus. ISH images are from the used in
situ hybridization Allen Brain Institute (http://mouse.brain-map.org, accessed on 28 July 2021).
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behavior in humans and macaques to find corresponding ages across these species [39]. According 
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Figure 5. Low (A) and high-resolution (B) of DCX mRNA expression (arrows) in the macaque hippocampus from 0 months
to 48 months after birth. These data show that DCX mRNA expression steadily decreases with age in the dentate gyrus
(DG) to relatively low levels at 48 months of age in macaques. (C) We extracted time points from temporal variation
in transcription, structure, and behavior in humans and macaques to find corresponding ages across these species [39].
According to these data, a macaque at gestational week (GW) 12 is equivalent to a human at GW 21 and, a 10-year-old
macaque equates to a 22-year-old human. The identification of corresponding time points permits relating the temporal
decline in DCX in across species. (D) For example, DCX expression in the DG was rather high between 0 and 3 months of
age in macaques, which corresponds to 4 months after birth in humans. By 48 months of age, DCX mRNA sharply declined,
which corresponds to 11 years of age in humans. Collectively, observations from mice and macaques pointed to a rapid
decline in DCX mRNA during childhood in humans. ISH images are from in situ hybridization data made available by the
Allen Brain Institute (http://www.blueprintnhpatlas.org; http://mouse.brain-map.org, accessed on 28 July 2021). Some
panels are from BioRender.com, accessed on 28 July 2021.

We now integrate time points from abrupt and gradual changes that span pre- and
postnatal ages. These include time points extracted from temporal variation in transcrip-
tion as well as structural variation. We successfully relied on abrupt changes as well
as gradual changes in biological programs to find time points at postnatal ages across
humans, chimpanzees, macaques, and mice [23,37–39]. We applied this approach to find
equivalent postnatal ages in humans, macaques, chimpanzees, and mice. We implemented
various statistical procedures to find corresponding ages across species. We identified
corresponding time points from humans to mice up to 30 years of age in humans, which
corresponds to 6 months of age in mice. For example, this work showed that a mouse on
postnatal day 4 corresponded to a human at gestational week 21. A 6-month-old mouse
corresponded to a 30-year-old human (Figure 4). We also aligned ages at pre- and postnatal
ages across the lifespan of humans and chimpanzees to identify time points during pre-
and postnatal ages up to 47 years in chimpanzees, which corresponds to 55 years of age
in humans [38]. This recent study revealed a surprising degree in the conservation in the
timeline of development and aging across chimpanzees and humans. Studies such as these
are essential because they provide a baseline with which to compare the time course of
biological programs across species to predict temporal patterns of plasticity in humans and
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BioRender.com


Int. J. Mol. Sci. 2021, 22, 9358 14 of 20

potentially assess which biological processes span a usually short or long period of time in
humans relative to other species. The ability to harness information from model systems
to humans is particularly important because some information can be rather sparse in
humans [33,34].

A baseline to compare the biology of humans and chimpanzees makes us better
equipped to assess which biological programs are conserved and which have evolved in
the human lineage. It also enables predicting temporal variation in biological programs
in humans from model systems. We previously predicted a temporal pattern of variation
in hippocampal neurogenesis in mice to predict the temporal pattern in humans [35]. We
considered temporal variation in the relative number of DCX+ cells in the hippocampus at
different postnatal ages in mice and non-human primates to predict the temporal pattern of
hippocampal neurogenesis in humans (Figure 5). If the temporal pattern of hippocampal
neurogenesis is conserved across rodents to humans, hippocampal neurogenesis should
decline sharply during childhood to hard-to-detect levels. These findings align with reports
by Sorrells and colleagues [33,78] (Figure 5). We have yet to align other forms of brain
plasticity from model systems to humans. It is unclear whether transient expression in DCX
spans similar timescales in humans and model systems and whether the relative number
of DCX positive cells captures neuron production or neuron immaturity. Nevertheless, the
translating time resource provides a venue with which to translate those findings across
species and investigate these various forms of plasticity across species.

New tools are needed to identify different types of plastic changes and to map CNS
plasticity and maturation through time and across species. There are clear heterochronies
in the timeline of select biological programs across species [36,51,147–150]. For example,
neurogenesis in the presumptive primary visual cortex is extended in primates com-
pared with rodents after controlling for variation in schedules of development across
species [36,51,149,151,152]. The consequence of extending the duration of cortical neuroge-
nesis is that primates possess disproportionately more neurons in the primary visual cortex
relative to many other mammals [152,153]. The increase in neuron numbers in primates is
driven by upper layer neurons, which are generated late in development [152]. Of interest
is the finding that the extension in cortical neurogenesis does not entail an extension in the
duration post-neurogenetic maturation as assessed by temporal profiles in the expression
of neuronal markers [50]. That is, modifications in the timeline of neuron production are
dissociable from post-neurogenetic maturation. This is one example in which the timeline
of neuron production and post-neurogenetic maturation are dissociable. Similar dissocia-
ble events may exist in other brain regions [148,150], though we have yet to uncover the
various ways in which the timelines of biological programs evolve independently across
mammalian species.

7. Conclusions

Brain maturation is pivotal for cognitive development and the maintenance of effi-
ciency and adaptation through plasticity. Although adult neurogenesis is often the focus of
study, there are other manifestations of neuroplasticity, including nng-INs (neurogenesis
without division), alterations in morphology (e.g., increased dendritic spines, modified
dendritic branching) and neurophysiological functions (e.g., long-term potentiation, neural
networks [7,154]). Such neural modifications provide opportunities for targeted inter-
ventions to maintain healthy brain function throughout life [154,155]. Recent research
indicates that such goals are feasible, but the complexity of their cellular substrates is high.
In addition to awareness of the heterogeneity of plastic processes and forms of immaturity,
relatively recent studies started to highlight remarkable species differences in various forms
of plasticity, which challenges the value of rodent models to understand human biology.
The present work illustrated the importance of using a comparative approach to harness
information across species to understand plasticity in humans. Yet, there is so much we
have yet to investigate. It is clear that developing resources to integrate findings across
model systems to humans is broadly applicable to enhance our understanding of human
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biology and health. Accordingly, comparative neuroscience applies broadly to enhance our
understanding of basic biological processes in the human brain.

Funding: This work was supported, in part, by the project Neuroni Alternativi-NICO to (L.B.),
an INBRE grant from the NIGMS (P20GM103446) to (C.J.C.), and a COBRE (5P20GM103653).

Acknowledgments: We thank Tobin Florio for crafting illustrations. Panels for some figures were
created with bioRender.com (accessed on 28 July 2021). We also thank S. Couillard-Després for
critically reading the manuscript. The opinions discussed here are not necessarily those of the NIH.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Bao, H.; Song, J. Treating brain disorders by targeting adult neural stem cells. Trends Mol. Med. 2018, 24, 991–1006. [CrossRef]
2. Barker, R.A.; Götz, M.; Parmar, M. New approaches for brain repair-from rescue to reprogramming. Nature 2018, 557, 329–334.

[CrossRef]
3. Weil, Z.M.; Norman, G.J.; De Vries, A.C.; Nelson, R.J. The injured nervous system: A Darwinian perspective. Prog. Neurobiol.

2008, 86, 48–59. [CrossRef]
4. Bonfanti, L. From hydra regeneration to human brain structural plasticity: A long trip through narrowing roads. Sci. World J.

2011, 11, 1270–1299. [CrossRef] [PubMed]
5. Martino, G.; Pluchino, S.; Bonfanti, L.; Schwartz, M. Brain regeneration in physiology and pathology: The immune signature

driving therapeutic plasticity of neural stem cells. Phys. Rev. 2011, 91, 1281–1304. [CrossRef] [PubMed]
6. Cayre, M.; Falque, M.; Mercier, O.; Magalon, K.; Durbec, P. Myelin repair: From animal models to humans. Front. Cell. Neurosci.

2021, 15, 604865. [CrossRef]
7. La Rosa, C.; Bonfanti, L. Searching for alternatives to brain regeneration. Neural Reg. Res. 2021, 16, 2198–2200.
8. Sun, A.X.; Londono, R.; Hudnall, M.L.; Tuan, R.S.; Lozito, T.P. Differences in neural stem cell identity and differentiation capacity

drive divergent regenerative outcomes in lizards and salamanders. Proc. Natl. Acad. Sci. USA 2018, 115, E8256–E8265. [CrossRef]
9. Lange, C.; Brand, M. Vertebrate brain regeneration—A community effort of fate-restricted precursor cell types. Curr. Opin. Genet.

Dev. 2020, 64, 101–108. [CrossRef]
10. Verissimo, K.M.; Perez, L.N.; Dragalzew, A.C.; Senevirathne, G.; Darnet, S.; Barroso Mendes, W.R.; Ariel Dos Santos Neves, C.;

Monteiro Dos Santos, E.; Nazare de Sousa Moraes, C.; Elewa, A.; et al. Salamander-like tail regeneration in the West African
lungfish. Proc. Biol. Sci. 2020, 287, 20192939.

11. Holtmaat, A.; Svoboda, K. Experience-dependent structural synaptic plasticity in the mammalian brain. Nat. Rev. Neurosci. 2009,
10, 647–658. [CrossRef] [PubMed]

12. Bonfanti, L.; Nacher, J. New scenarios for neuronal structural plasticity in non-neurogenic brain parenchyma: The case of cortical
layer II immature neurons. Prog. Neurobiol. 2012, 98, 1–15. [CrossRef] [PubMed]

13. Sale, A.; Berardi, N.; Maffei, L. Enrich the environment to empower the brain. Trends Neurosci. 2009, 32, 233–239. [CrossRef]
14. Aimone, J.B.; Li, Y.; Lee, S.W.; Clemenson, G.D.; Deng, W.; Gage, F.H. Regulation and function of adult neurogenesis: From genes

to cognition. Physiol. Rev. 2014, 94, 991–1026. [CrossRef] [PubMed]
15. Lim, D.A.; Alvarez-Buylla, A. The adult ventricular-subventricular zone (V-SVZ) and olfactory bulb (OB) neurogenesis. Cold

Spring Harb. Perspect. Biol. 2016, 8, a018820. [CrossRef] [PubMed]
16. La Rosa, C.; Parolisi, R.; Bonfanti, L. Brain structural plasticity: From adult neurogenesis to immature neurons. Front. Neurosci.

2020, 14, 75. [CrossRef]
17. Semënov, M.V. Adult hippocampal neurogenesis is a developmental process involved in cognitive development. Front. Neurosci.

2019, 13, 159. [CrossRef]
18. La Rosa, C.; Ghibaudi, M.; Bonfanti, L. Newly generated and non-newly generated “immature” neurons in the mammalian brain:

A possible reservoir of young cells to prevent brain ageing and disease? J. Clin. Med. 2019, 8, 685. [CrossRef]
19. Kempermann, G. Environmental enrichment, new neurons and the neurobiology of individuality. Nat. Rev. Neurosci. 2019, 20,

235–245. [CrossRef]
20. Cushman, J.D.; Drew, M.R.; Krasne, F.B. The environmental sculpting hypothesis of juvenile and adult hippocampal neurogenesis.

Prog. Neurobiol. 2021, 199, 101961. [CrossRef]
21. Snyder, J.S. Recalibrating the relevance of adult neurogenesis. Trends Neurosci. 2019, 42, 164–178. [CrossRef]
22. Ben Abdallah, N.M.; Slomianka, L.; Vyssotski, A.L.; Lipp, H.P. Early age-related changes in adult hippocampal neurogenesis in

C57 mice. Neurobiol. Aging 2010, 31, 151–161. [CrossRef] [PubMed]
23. Charvet, C.J. Closing the gap from transcription to the structural connectome enhances the study of connections in the human

brain. Dev. Dyn. 2020, 249, 1047–1061. [CrossRef]
24. Zolochevska, O.; Taglialatela, G. Non-demented individuals with Alzheimer’s disease neuropathology: Resistance to cognitive

decline may reveal new treatment strategies. Curr. Pharm. Des. 2016, 22, 4063–4068. [CrossRef]
25. Vivar, C.; van Praag, H. Running changes the brain: The long and the short of it. Physiology 2017, 32, 410–424. [CrossRef]

bioRender.com
http://doi.org/10.1016/j.molmed.2018.10.001
http://doi.org/10.1038/s41586-018-0087-1
http://doi.org/10.1016/j.pneurobio.2008.06.001
http://doi.org/10.1100/tsw.2011.113
http://www.ncbi.nlm.nih.gov/pubmed/21666994
http://doi.org/10.1152/physrev.00032.2010
http://www.ncbi.nlm.nih.gov/pubmed/22013212
http://doi.org/10.3389/fncel.2021.604865
http://doi.org/10.1073/pnas.1803780115
http://doi.org/10.1016/j.gde.2020.06.014
http://doi.org/10.1038/nrn2699
http://www.ncbi.nlm.nih.gov/pubmed/19693029
http://doi.org/10.1016/j.pneurobio.2012.05.002
http://www.ncbi.nlm.nih.gov/pubmed/22609484
http://doi.org/10.1016/j.tins.2008.12.004
http://doi.org/10.1152/physrev.00004.2014
http://www.ncbi.nlm.nih.gov/pubmed/25287858
http://doi.org/10.1101/cshperspect.a018820
http://www.ncbi.nlm.nih.gov/pubmed/27048191
http://doi.org/10.3389/fnins.2020.00075
http://doi.org/10.3389/fnins.2019.00159
http://doi.org/10.3390/jcm8050685
http://doi.org/10.1038/s41583-019-0120-x
http://doi.org/10.1016/j.pneurobio.2020.101961
http://doi.org/10.1016/j.tins.2018.12.001
http://doi.org/10.1016/j.neurobiolaging.2008.03.002
http://www.ncbi.nlm.nih.gov/pubmed/18455269
http://doi.org/10.1002/dvdy.218
http://doi.org/10.2174/1381612822666160518142110
http://doi.org/10.1152/physiol.00017.2017


Int. J. Mol. Sci. 2021, 22, 9358 16 of 20

26. Stern, Y.; Arenaza-Urquijo, E.M.; Bartrés-Faz, D.; Belleville, S.; Cantilon, M.; Chetelat, G.; Ewers, M.; Franzmeier, N.; Kempermann,
G.; Kremen, W.S.; et al. Whitepaper: Defining and investigating cognitive reserve, brain reserve, and brain maintenance.
Alzheimer’s Dement. 2020, 16, 1305–1311. [CrossRef] [PubMed]

27. McQuail, J.A.; Dunn, A.R.; Stern, Y.; Barnes, C.A.; Kempermann, G.; Rapp, P.R.; Kaczorowski, C.C.; Foster, T.C. Cognitive reserve
in model systems for mechanistic discovery: The importance of longitudinal studies. Front. Aging Neurosci. 2021, 12, 607685.
[CrossRef] [PubMed]

28. Tooley, U.A.; Bassett, D.S.; Mackey, A.P. Environmental influences on the pace of brain development. Nat. Rev. Neurosci. 2021,
47, 100909.

29. Tamnes, C.K. Postnatal brain maturation. In Reference Module in Neuroscience and Biobehavioral Psychology; Elsevier: Amsterdam,
The Netherlands, 2017; pp. 1–8.

30. Hensch, T.K. Critical period regulation. Annu. Rev. Neurosci. 2004, 27, 549–579. [CrossRef] [PubMed]
31. Coppola, D.M.; White, L.E. Forever young: Neoteny, neurogenesis and a critique of critical periods in olfaction. J. Bioenerg.

Biomembr. 2019, 51, 53–63. [CrossRef]
32. La Rosa, C.; Cavallo, F.; Pecora, A.; Chincarini, M.; Ala, U.; Faulkes, C.G.; Nacher, J.; Cozzi, B.; Sherwood, C.C.; Amrein, I.; et al.

Phylogenetic variation in cortical layer II immature neuron reservoir of mammals. eLife 2020, 9, e55456. [CrossRef] [PubMed]
33. Sorrells, S.F.; Paredes, M.F.; Zhang, Z.; Kang, G.; Pastor-Alonso, O.; Biagiotti, S.; Page, C.E.; Sandoval, K.; Knox, A.; Connolly, A.;

et al. Positive controls in adults and children support that very few, if any, new neurons are born in the adult human hippocampus.
J. Neurosci. 2021, 41, 2554–2565. [CrossRef]

34. Moreno-Jiménez, E.P.; Terreros-Roncal, J.; Flor-García, M.; Rábano, A.; Llorens-Martín, M. Evidences for adult hippocampal
neurogenesis in humans. J. Neurosci. 2021, 41, 2541–2553. [CrossRef]

35. Charvet, C.J.; Finlay, B.L. Comparing adult hippocampal neurogenesis across species: Translating time to predict the tempo in
humans. Front. Neurosci. 2018, 12, 706. [CrossRef] [PubMed]

36. Clancy, B.; Darlington, R.B.; Finlay, B.L. Translating developmental time across mammalian species. Neuroscience 2001, 105, 7–17.
[CrossRef]

37. Hendy, J.P.; Takahashi, E.; Van Der Kouwe, A.J.; Charvet, C.J. Brain wiring and supragranular-enriched genes linked to protracted
human frontal cortex development. Cereb. Cortex 2020, 30, 5654–5666. [CrossRef]

38. Charvet, C.J. Cutting across structural and transcriptomic scales translates time across the lifespan in humans and chimpanzees.
Proc. R. Soc. B 2021, 288, 20202987. [CrossRef]

39. Charvet, C.J.; Ofori, K.; Baucum, C.; Sun, J.; Modrell, M.; Hekmatyar, K.; Edlow, B.L.; van der Kouwe, A. Tracing cortical circuits
in humans and non-human primates from high resolution connectomic, transcriptomic, and temporal dimensions. bioRxiv 2021.
[CrossRef]

40. Tramontin, A.D.; Garcìa-Verdugo, J.M.; Lim, D.A.; Alvarez-Buylla, A. Postnatal development of radial glia and the ventricular
zone (VZ): A continuum of the neural stem cell compartment. Cereb. Cortex 2003, 13, 580–587. [CrossRef]

41. Peretto, P.; Giachino, C.; Aimar, P.; Fasolo, A.; Bonfanti, L. Chain formation and glial tube assembly in the shift from neonatal to
adult subventricular zone of the rodent forebrain. J. Comp. Neurol. 2005, 487, 407–427. [CrossRef]

42. Gomez-Climent, M.A.; Guirado, R.; Castillo-Gomez, E.; Varea, E.; Gutierrez-Mecinas, M.; Gilabert-Juan, J.; Garcia-Mompo, C.;
Vidueira, S.; Sanchez-Mataredona, D.; Hernandez, S.; et al. The polysialylated form of the Neural Cell Adhesion Molecule
(PSA-NCAM) is expressed in a subpopulation of mature cortical interneurons characterized by reduced structural features and
connectivity. Cereb. Cortex 2011, 21, 1028–1041. [CrossRef]

43. Theodosis, D.T.; Rougon, G.; Poulain, D.A. Retention of embryonic features by an adult neuronal system capable of plasticity:
Polysialylated neural cell adhesion molecule in the hypothalamo-neurohypophysial system. Proc. Natl. Acad. Sci. USA 1991, 88,
5494–5498. [CrossRef]

44. Bonfanti, L.; Peretto, P. Adult neurogenesis in mammals: A theme with many variations. Eur. J. Neurosci. 2011, 34, 930–950.
[CrossRef]

45. Urbán, N.; Guillemot, F. Neurogenesis in the embryonic and adult brain: Same regulators, different roles. Front. Cell. Neurosci.
2014, 8, 396. [CrossRef]

46. Berg, D.A.; Su, Y.; Jimenez-Cyrus, D.; Patel, A.; Huang, N.; Morizet, D.; Lee, S.; Shah, R.; Ringeling, F.R.; Jain, R.; et al. A common
embryonic origin of stem cells drives developmental and adult neurogenesis. Cell 2019, 177, 654–668. [CrossRef] [PubMed]

47. Lipp, H.P.; Bonfanti, L. Adult neurogenesis in mammals: Variations and confusions. Brain Behav. Evol. 2016, 87, 205–221.
[CrossRef]

48. Finlay, B.L.; Darlington, R.B. Linked regularities in the development and evolution of mammalian brains. Science 1995, 268,
1578–1584. [CrossRef] [PubMed]

49. Charvet, C.J.; Striedter, G.F.; Finlay, B.L. Evo-devo and brain scaling: Candidate developmental mechanisms for variation and
constancy in vertebrate brain evolution. Brain Behav. Evol. 2011, 78, 248–257. [CrossRef] [PubMed]

50. Charvet, C.J.; Reep, R.L.; Finlay, B.L. Evolution of cytoarchitectural landscapes in the mammalian isocortex: Sirenians (Trichechus
manatus) in comparison with other mammals. J. Comp. Neurol. 2017, 524, 772–782. [CrossRef]

51. Workman, A.D.; Charvet, C.J.; Clancy, B.; Darlington, R.B.; Finlay, B.L. Modeling transformations of neurodevelopmental
sequences across mammalian species. J. Neurosci. 2013, 33, 7368–7383. [CrossRef] [PubMed]

http://doi.org/10.1016/j.jalz.2018.07.219
http://www.ncbi.nlm.nih.gov/pubmed/30222945
http://doi.org/10.3389/fnagi.2020.607685
http://www.ncbi.nlm.nih.gov/pubmed/33551788
http://doi.org/10.1146/annurev.neuro.27.070203.144327
http://www.ncbi.nlm.nih.gov/pubmed/15217343
http://doi.org/10.1007/s10863-018-9778-4
http://doi.org/10.7554/eLife.55456
http://www.ncbi.nlm.nih.gov/pubmed/32690132
http://doi.org/10.1523/JNEUROSCI.0676-20.2020
http://doi.org/10.1523/JNEUROSCI.0675-20.2020
http://doi.org/10.3389/fnins.2018.00706
http://www.ncbi.nlm.nih.gov/pubmed/30344473
http://doi.org/10.1016/S0306-4522(01)00171-3
http://doi.org/10.1093/cercor/bhaa135
http://doi.org/10.1098/rspb.2020.2987
http://doi.org/10.1101/2021.04.30.442016
http://doi.org/10.1093/cercor/13.6.580
http://doi.org/10.1002/cne.20576
http://doi.org/10.1093/cercor/bhq177
http://doi.org/10.1073/pnas.88.13.5494
http://doi.org/10.1111/j.1460-9568.2011.07832.x
http://doi.org/10.3389/fncel.2014.00396
http://doi.org/10.1016/j.cell.2019.02.010
http://www.ncbi.nlm.nih.gov/pubmed/30929900
http://doi.org/10.1159/000446905
http://doi.org/10.1126/science.7777856
http://www.ncbi.nlm.nih.gov/pubmed/7777856
http://doi.org/10.1159/000329851
http://www.ncbi.nlm.nih.gov/pubmed/21860220
http://doi.org/10.1002/cne.23864
http://doi.org/10.1523/JNEUROSCI.5746-12.2013
http://www.ncbi.nlm.nih.gov/pubmed/23616543


Int. J. Mol. Sci. 2021, 22, 9358 17 of 20

52. Paredes, M.F.; Sorrells, S.F.; Garcia-Verdugo, J.M.; Alvarez-Buylla, A. Brain size and limits to adult neurogenesis. J. Comp. Neurol.
2016, 524, 646–664. [CrossRef] [PubMed]

53. Sailor, K.A.; Schinder, A.F.; Lledo, P.M. Adult neurogenesis beyond the niche: Its potential for driving brain plasticity. Curr. Opin.
Neurobiol. 2017, 42, 111–117. [CrossRef]

54. Kempermann, G.; Jessberger, S.; Steiner, B.; Kronenberg, G. Milestones of neuronal development in the adult hippocampus.
Trends Neurosci. 2004, 27, 447–452. [CrossRef]

55. Von Bohlen Und Halbach, O. Immunohistological markers for staging neurogenesis in the adult hippocampus. Cell Tissue Res.
2007, 329, 409–420. [CrossRef] [PubMed]

56. Takahashi, H.; Yoshihara, S.; Tsuboi, A. The functional role of olfactory bulb granule cell subtypes derived from embryonic and
postnatal neurogenesis. Front. Mol. Neurosci. 2018, 11, 229. [CrossRef]

57. Bradke, F.; Di Giovanni, S.; Fawcett, J. Neuronal maturation: Challenges and opportunities in a nascent field. Trends Neurosci.
2020, 43, 360–362. [CrossRef]

58. Sanai, N.; Nguyen, T.; Ihrie, R.A.; Mirzadeh, Z.; Tsai, H.-H.; Wong, M.; Gupta, N.; Berger, M.S.; Huang, E.; Garcia-Verdugo, J.M.;
et al. Corridors of migrating neurons in the human brain and their decline during infancy. Nature 2011, 478, 382–386. [CrossRef]

59. Parolisi, R.; Cozzi, B.; Bonfanti, L. Humans and dolphins: Decline and fall of adult neurogenesis. Front. Neurosci. 2018, 12, 497.
[CrossRef] [PubMed]

60. Citri, A.; Malenka, R.C. Synaptic plasticity: Multiple forms, functions, and mechanisms. Neuropsychopharmacology 2008, 33, 18–41.
[CrossRef] [PubMed]

61. Obernier, K.; Tong, C.K.; Alvarez-Buylla, A. Restricted nature of adult neural stem cells: Re-evaluation of their potential for brain
repair. Front. Neurosci. 2014, 8, 162. [CrossRef]

62. Potten, C.S.; Loeffler, M. Stem cells: Attributes, cycles, spirals, pitfalls and uncertainties. Lessons for and from the crypt.
Development 1990, 110, 1001–1020. [CrossRef] [PubMed]

63. Feliciano, D.M.; Bordey, A.; Bonfanti, L. Noncanonical sites of adult neurogenesis in the mammalian brain. Cold Spring Harb.
Perspect. Biol. 2015, 7, a018846. [CrossRef]

64. König, R.; Benedetti, B.; Rotheneichner, P.; O’Sullivan, A.; Kreutzer, C.; Belles, M.; Nacher, J.; Weiger, T.M.; Aigner, L.; Couillard-
Després, S. Distribution and fate of DCX/PSA-NCAM expressing cells in the adult mammalian cortex: A local reservoir for adult
cortical neuroplasticity? Front. Biol. 2016, 11, 193–213. [CrossRef]

65. Gómez-Climent, M.A.; Castillo-Gómez, E.; Varea, E.; Guirado, R.; Blasco-Ibáñez, J.M.; Crespo, C.; Martínez-Guijarro, F.J.; Nácher,
J. A population of prenatally generated cells in the rat paleocortex maintains an immature neuronal phenotype into adulthood.
Cereb. Cortex 2008, 18, 2229–2240. [CrossRef]

66. Rotheneichner, P.; Belles, M.; Benedetti, B.; König, R.; Dannehl, D.; Kreutzer, C.; Zaunmair, P.; Engelhardt, M.; Aigner, L.; Nacher,
J.; et al. Cellular plasticity in the adult murine piriform cortex: Continuous maturation of dormant precursors into excitatory
neurons. Cereb. Cortex 2018, 28, 2610–2621. [CrossRef] [PubMed]

67. Benedetti, B.; Dannehl, D.; König, R.; Coviello, S.; Kreutzer, C.; Zaunmair, P.; Jakubecova, D.; Weiger, T.M.; Aigner, L.; Nacher,
J.; et al. Functional integration of neuronal precursors in the adult murine piriform cortex. Cereb. Cortex 2020, 30, 1499–1515.
[CrossRef]

68. Kempermann, G. Delayed gratification in the adult brain. eLife 2020, 9, e59786. [CrossRef] [PubMed]
69. Piumatti, M.; Palazzo, O.; La Rosa, C.; Crociara, P.; Parolisi, R.; Luzzati, F.; Lévy, F.; Bonfanti, L. Non-newly generated, “immature”

neurons in the sheep brain are not restricted to cerebral cortex. J. Neurosci. 2018, 38, 826–842. [CrossRef]
70. La Rosa, C.; Bonfanti, L. Brain plasticity in mammals: An example for the role of comparative medicine in the neurosciences.

Front. Vet. Sci. 2018, 5, 274. [CrossRef]
71. Sorrells, S.F.; Paredes, M.F.; Velmeshev, D.; Herranz-Pérez, V.; Sandoval, K.; Mayer, S.; Chang, E.F.; Insausti, R.; Kriegstein, A.R.;

Rubenstein, J.L.; et al. Immature excitatory neurons develop during adolescence in the human amygdala. Nat. Commun. 2019, 10,
2748. [CrossRef] [PubMed]

72. Amrein, I. Adult hippocampal neurogenesis in natural populations of mammals. Cold Spring Harb. Perspect. Biol. 2015, 7, a021295.
[CrossRef]

73. Palazzo, O.; La Rosa, C.; Piumatti, M.; Bonfanti, L. Do large brains of long-living mammals prefer non-newly generated, immature
neurons? Neural Regen. Res. 2018, 13, 633–634.

74. Rakic, P.; Bourgeois, J.P.; Eckenhoff, M.F.; Zecevic, N.; Goldman-Rakic, P.S. Concurrent overproduction of synapses in diverse
regions of the primate cerebral cortex. Science 1986, 232, 232–235. [CrossRef]

75. Parolisi, R.; Cozzi, B.; Bonfanti, L. Non-neurogenic SVZ-like niche in dolphins, mammals devoid of olfaction. Brain Struct. Funct.
2017, 222, 2625–2639. [CrossRef]

76. Patzke, N.; Spocter, M.A.; Karlsson, K.; Bertelsen, M.F.; Haagensen, M.; Chawana, R.; Streicher, S.; Kaswera, C.; Gilissen, E.;
Alagaili, A.N.; et al. In contrast to many other mammals, cetaceans have relatively small hippocampi that appear to lack adult
neurogenesis. Brain Struct. Funct. 2015, 220, 361–383. [CrossRef]

77. Cipriani, S.; Ferrer, I.; Arinica, E.; Kovacs, G.G.; Verney, C.; Nardelli, J.; Khung, S.; Delezoide, A.L.; Milenkovic, I.; Rasika, S.; et al.
Hippocampal radial glial subtypes and their neurogenic potential in human fetuses and healthy and Alzheimer disease adults.
Cereb. Cortex 2018, 28, 2458–2478. [CrossRef]

http://doi.org/10.1002/cne.23896
http://www.ncbi.nlm.nih.gov/pubmed/26417888
http://doi.org/10.1016/j.conb.2016.12.001
http://doi.org/10.1016/j.tins.2004.05.013
http://doi.org/10.1007/s00441-007-0432-4
http://www.ncbi.nlm.nih.gov/pubmed/17541643
http://doi.org/10.3389/fnmol.2018.00229
http://doi.org/10.1016/j.tins.2020.02.005
http://doi.org/10.1038/nature10487
http://doi.org/10.3389/fnins.2018.00497
http://www.ncbi.nlm.nih.gov/pubmed/30079011
http://doi.org/10.1038/sj.npp.1301559
http://www.ncbi.nlm.nih.gov/pubmed/17728696
http://doi.org/10.3389/fnins.2014.00162
http://doi.org/10.1242/dev.110.4.1001
http://www.ncbi.nlm.nih.gov/pubmed/2100251
http://doi.org/10.1101/cshperspect.a018846
http://doi.org/10.1007/s11515-016-1403-5
http://doi.org/10.1093/cercor/bhm255
http://doi.org/10.1093/cercor/bhy087
http://www.ncbi.nlm.nih.gov/pubmed/29688272
http://doi.org/10.1093/cercor/bhz181
http://doi.org/10.7554/eLife.59786
http://www.ncbi.nlm.nih.gov/pubmed/32690134
http://doi.org/10.1523/JNEUROSCI.1781-17.2017
http://doi.org/10.3389/fvets.2018.00274
http://doi.org/10.1038/s41467-019-10765-1
http://www.ncbi.nlm.nih.gov/pubmed/31227709
http://doi.org/10.1101/cshperspect.a021295
http://doi.org/10.1126/science.3952506
http://doi.org/10.1007/s00429-016-1361-3
http://doi.org/10.1007/s00429-013-0660-1
http://doi.org/10.1093/cercor/bhy096


Int. J. Mol. Sci. 2021, 22, 9358 18 of 20

78. Sorrells, S.F.; Paredes, M.F.; Cebrian-Silla, A.; Sandoval, K.; Qi, D.; Kelley, K.W.; James, D.; Mayer, S.; Chang, J.; Auguste, K.I.;
et al. Human hippocampal neurogenesis drops sharply in children to undetectable levels in adults. Nature 2018, 555, 377–381.
[CrossRef]

79. Semënov, M.V. Proliferative capacity of adult mouse brain. Int. J. Mol. Sci. 2021, 22, 3449. [CrossRef]
80. Barker, J.M.; Boonstra, R.; Wojtowicz, J.M. From pattern to purpose: How comparative studies contribute to understanding the

function of adult neurogenesis. Eur. J. Neurosci. 2011, 34, 963–977. [CrossRef] [PubMed]
81. Vijayakumar, N.; Mills, K.L.; Alexander-Bloch, A.; Tamnes, C.K.; Whittle, S. Structural brain development: A review of

methodological approaches and best practices. Dev. Cogn. Neurosci. 2018, 33, 129–148. [CrossRef] [PubMed]
82. Tedeschi, A.; Dupraz, S.; Curcio, M.; Laskowski, C.J.; Schaffran, B.; Flynn, K.C.; Santos, T.E.; Stern, S.; Hilton, B.J.; Larson, M.J.E.;

et al. The calcium channel subunit alpha2delta2 suppresses axon regeneration in the adult CNS. Neuron 2019, 103, 1073–1085.
[CrossRef]

83. Lindsey, B.W.; Hall, Z.J.; Heuzé, A.; Joly, J.S.; Tropepe, V.; Kaslin, J. The role of neuro-epithelial-like and radial-glial stem and
progenitor cells in development, plasticity, and repair. Prog. Neurobiol. 2018, 170, 99–114. [CrossRef]

84. Saghatelyan, A.; de Chevigny, A.; Schachner, M.; Lledo, P.M. Tenascin-R mediates activity-dependent recruitment of neuroblasts
in the adult mouse forebrain. Nat. Neurosci. 2004, 7, 347–356. [CrossRef]

85. Mercier, F. Fractones: Extracellular matrix niche controlling stem cell fate and growth factor activity in the brain in health and
disease. Cell. Mol. Life Sci. 2016, 73, 4661–4674. [CrossRef]

86. Maeda, N.; Fukazawa, N.; Ishii, M. Chondroitin sulfate proteoglycans in neural development and plasticity. Front. Biosci. 2010,
15, 626–644. [CrossRef]

87. Miyata, S.; Kitagawa, H. Formation and remodeling of the brain extracellular matrix in neuralplasticity: Roles of chondroitin
sulfate and hyaluronan. Biochim. Biophys. Acta Gen. Subj. 2017, 1861, 2420–2434. [CrossRef]

88. Cope, E.C.; Gould, E. Adult neurogenesis, glia, and the extracellular matrix. Cell Stem Cell 2019, 24, 690–705. [CrossRef] [PubMed]
89. Kazanis, I.; ffrench-Constant, C. Extracellular matrix and the neural stem cell niche. Dev. Neurobiol. 2011, 71, 1006–1017. [CrossRef]
90. Lois, C.; Garcia-Verdugo, J.; Alvarez-Buylla, A. Chain migration of neuronal precursors. Science 1996, 271, 978–981. [CrossRef]

[PubMed]
91. Peretto, P.; Merighi, A.; Fasolo, A.; Bonfanti, L. Glial tubes in the rostral migratory stream of the adult rat. Brain Res. Bull. 1997, 42,

9–21. [CrossRef]
92. Carulli, D.; Verhaagen, J. An extracellular perspective on CNS maturation: Perineuronal nets and the control of plasticity. Int. J.

Mol. Sci. 2021, 22, 2434. [CrossRef]
93. Coviello, S.; Benedetti, B.; Jakubecova, D.; Belles, M.; Klimczak, P.; Gramuntell, Y.; Couillard-Despres, S.; Nacher, J. PSA depletion

induces the differentiation of immature neurons in the piriform cortex of adult mice. Int. J. Mol. Sci. 2021, 22, 5733. [CrossRef]
[PubMed]

94. Villeda, S.A.; Luo, J.; Mosher, K.I.; Zou, B.; Britschgi, M.; Bieri, G.; Stan, T.M.; Fainberg, N.; Ding, Z.; Eggel, A.; et al. The ageing
systemic milieu negatively regulates neurogenesis and cognitive function. Nature 2011, 477, 90–94. [CrossRef] [PubMed]

95. Magnusson, J.P.; Göritz, C.; Tatarishvili, J.; Dias, D.O.; Smith, E.M.K.; Lindvall, O.; Kokaia, Z.; Frisén, J. A latent neurogenic
program in astrocytes regulated by Notch signaling in the mouse. Science 2014, 346, 237–241. [CrossRef] [PubMed]

96. Nato, G.; Caramello, A.; Trova, S.; Avataneo, V.; Rolando, C.; Taylor, V.; Buffo, A.; Peretto, P.; Luzzati, F. Striatal astrocytes produce
neuroblasts in an excitotoxic model of Huntington’s disease. Development 2015, 142, 840–845. [CrossRef]

97. Götz, M.; Bocchi, R. Neuronal replacement: Concepts, achievements, and call for caution. Curr. Opin. Neurobiol. 2021, 69, 185–192.
[CrossRef] [PubMed]

98. Hagihara, H.; Murano, T.; Ohira, K.; Miwa, M.; Nakamura, K.; Miyakawa, T. Expression of progenitor cell/immature neuron
markers does not present definitive evidence for adult neurogenesis. Mol. Brain 2019, 12, 108. [CrossRef]

99. Seki, T. Understanding the real state of human adult hippocampal neurogenesis from studies of rodents and non-human primates.
Front. Neurosci. 2020, 14, 839. [CrossRef]

100. Altman, J.; Bayer, S.A. (Eds.) Development of the Cerebellar System; CRC Press: Boca Raton, FL, USA, 1997.
101. Leto, K.; Arancillo, M.; Becker, E.B.; Buffo, A.; Chiang, C.; Ding, B.; Dobyns, W.B.; Dusart, I.; Haldipur, P.; Hatten, M.E.; et al.

Consensus paper: Cerebellar development. Cerebellum 2016, 15, 789–828. [CrossRef]
102. Bond, A.M.; Ming, G.; Song, H. Adult mammalian neural stem cells and neurogenesis: Five decades later. Cell Stem Cell 2015, 17,

385–395. [CrossRef]
103. Kempermann, G. The neurogenic reserve hypothesis: What is adult hippocampal neurogenesis good for? Trends Neurosci. 2008,

31, 163–169. [CrossRef]
104. Imayoshi, I.; Sakamoto, M.; Ohtsuka, T.; Takao, K.; Miyakawa, T.; Yamaguchi, M.; Mori, K.; Ikeda, T.; Itohara, S.; Kageyama,

R. Roles of continuous neurogenesis in the structural and functional integrity of the adult forebrain. Nat. Neurosci. 2008, 11,
1153–1161.

105. Moreno-Jimenéz, E.P.; Flor-Garcia, M.; Terreros-Roncal, J.; Rabano, A.; Cafini, F.; Pallas-Bazarra, N.; Avila, J.; Llorens-Martin, M.
Adult hippocampal neurogenesis is abundant in neurologically healthy subjects and drops sharply in patients with Alzheimer’s
disease. Nat. Med. 2019, 25, 554–560. [CrossRef] [PubMed]

106. Jiang, X.; Nardelli, J. Cellular and molecular introduction to brain development. Neurobiol. Dis. 2016, 92, 3–17. [CrossRef]
[PubMed]

http://doi.org/10.1038/nature25975
http://doi.org/10.3390/ijms22073449
http://doi.org/10.1111/j.1460-9568.2011.07823.x
http://www.ncbi.nlm.nih.gov/pubmed/21929628
http://doi.org/10.1016/j.dcn.2017.11.008
http://www.ncbi.nlm.nih.gov/pubmed/29221915
http://doi.org/10.1016/j.neuron.2019.07.007
http://doi.org/10.1016/j.pneurobio.2018.06.004
http://doi.org/10.1038/nn1211
http://doi.org/10.1007/s00018-016-2314-y
http://doi.org/10.2741/3637
http://doi.org/10.1016/j.bbagen.2017.06.010
http://doi.org/10.1016/j.stem.2019.03.023
http://www.ncbi.nlm.nih.gov/pubmed/31051133
http://doi.org/10.1002/dneu.20970
http://doi.org/10.1126/science.271.5251.978
http://www.ncbi.nlm.nih.gov/pubmed/8584933
http://doi.org/10.1016/S0361-9230(96)00116-5
http://doi.org/10.3390/ijms22052434
http://doi.org/10.3390/ijms22115733
http://www.ncbi.nlm.nih.gov/pubmed/34072166
http://doi.org/10.1038/nature10357
http://www.ncbi.nlm.nih.gov/pubmed/21886162
http://doi.org/10.1126/science.346.6206.237
http://www.ncbi.nlm.nih.gov/pubmed/25301628
http://doi.org/10.1242/dev.116657
http://doi.org/10.1016/j.conb.2021.03.014
http://www.ncbi.nlm.nih.gov/pubmed/33984604
http://doi.org/10.1186/s13041-019-0522-8
http://doi.org/10.3389/fnins.2020.00839
http://doi.org/10.1007/s12311-015-0724-2
http://doi.org/10.1016/j.stem.2015.09.003
http://doi.org/10.1016/j.tins.2008.01.002
http://doi.org/10.1038/s41591-019-0375-9
http://www.ncbi.nlm.nih.gov/pubmed/30911133
http://doi.org/10.1016/j.nbd.2015.07.007
http://www.ncbi.nlm.nih.gov/pubmed/26184894


Int. J. Mol. Sci. 2021, 22, 9358 19 of 20

107. Heckman, E.L.; Doe, C.Q. Establishment and maintenance of neural circuit architecture. J. Neurosci. 2021, 41, 1119–1129.
[CrossRef]

108. Fields, R.D. Myelination: An overlooked mechanism of synaptic plasticity? Neuroscience 2005, 11, 528–531. [CrossRef]
109. McGee, A.W.; Yang, Y.; Fischer, Q.; Daw, N.W.; Strittmatter, S.M. Experience-driven plasticity of visual cortex limited by myelin

and Nogo receptor. Science 2005, 309, 2222–2226. [CrossRef] [PubMed]
110. Franklin, R.J.M.; Frisén, J.; Lyons, D.A. Revisiting remyelination: Towards a consensus on the regeneration of CNS myelin. Semin.

Cell Dev. Biol. 2021, 116, 3–9. [CrossRef]
111. La Rosa, C.; Parolisi, R.; Palazzo, O.; Lévy, F.; Meurisse, M.; Bonfanti, L. Clusters of DCX+ cells “trapped” in the subcortical white

matter of early postnatal Cetartiodactyla (Tursiops truncatus, Stenella coeruloalba, and Ovis aries). Brain Struct. Funct. 2018, 223,
3613–3632. [CrossRef]

112. Selemon, L.D.; Zecevic, N. Schizophrenia: A tale of two critical periods for prefrontal cortical development. Transl. Psychiatry
2015, 5, e623. [CrossRef]

113. Morton, P.D.; Ishibashi, N.; Jonas, R.A. Neurodevelopmental abnormalities and congenital heart disease insights into altered
brain maturation. Circ. Res. 2017, 120, 960–977. [CrossRef]

114. De Berardis, D.; De Filippis, S.; Masi, G.; Vicari, S.; Zuddas, A. A neurodevelopment approach for a transitional model of early
onset schizophrenia. Brain Sci. 2021, 11, 275. [CrossRef]

115. Gao, W.-J.; Yang, S.-S.; Mack, N.R.; Chamberlin, L.A. Aberrant maturation and connectivity of prefrontal cortex in schizophrenia
contribution of NMDA receptor development and hypofunction. Mol. Psychiatry 2021, Epub.

116. Schor, N.F.; Bianchi, D.W. Neurodevelopmental clues to neurodegeneration. Pediatr. Neurol. 2021, 123, 67–76. [CrossRef]
117. Kaufmann, T.; van der Meer, D.; Doan, N.T.; Schwarz, E.; Lund, M.J.; Agartz, I.; Alnæs, D.; Barch, D.M.; Baur-Streubel, R.; Westlye,

L.T.; et al. Common brain disorders are associated with heritable patterns of apparent aging of the brain. Nat. Neurosci. 2019, 22,
1617–1623. [CrossRef]

118. Fatemi, S.H.; Folsom, T.D. The neurodevelopmental hypothesis of schizophrenia, revisited. Schizophr. Bull. 2009, 35, 528–548.
[CrossRef]

119. Chini, M.; Hanganu-Opatz, I.L. Prefrontal cortex development in health and disease: Lessons from rodents and humans. Trends
Neurosci. 2021, 44, 227–240. [CrossRef] [PubMed]

120. Paus, T.; Keshavan, M.; Giedd, J.N. Why do many psychiatric disorders emerge during adolescence? Nat. Rev. Neurosci. 2008, 9,
947–957. [CrossRef]

121. Gelfo, F.; Mandolesi, L.; Serra, L.; Sorrentino, G.; Caltagirone, C. The neuroprotective effects of experience on cognitive functions:
Evidence from animal studies on the neurobiological bases of brain reserve. Neuroscience 2018, 370, 218–235. [CrossRef] [PubMed]

122. O’Leary, J.D.; Hoban, A.E.; Murphy, A.; O’Leary, O.F.; Cryan, J.F.; Nolan, Y.M. Differential effects of adolescent and adult-initiated
exercise on cognition and hippocampal neurogenesis. Hippocampus 2019, 29, 352–365. [CrossRef] [PubMed]

123. Walhovd, K.B.; Tamnes, C.K.; Fjell, A.M. Brain structural maturation and the foundations of cognitive behavioral development.
Curr. Opin. Neurol. 2014, 27, 176–184. [CrossRef]

124. Lindenberger, U. Human cognitive aging: Corriger la fortune? Science 2014, 346, 572–578. [CrossRef]
125. Dehorter, N.; Del Pino, I. Shifting developmental trajectories during critical periods of brain formation. Front. Cell. Neurosci. 2020,

14, 283. [CrossRef]
126. Tapia-Arancibia, L.; Aliagad, E.; Silhol, M.; Arancibia, S. New insights into brain BDNF function in. normal aging and Alzheimer

disease. Brain Res. Rev. 2008, 59, 201–220. [CrossRef] [PubMed]
127. Brown, J.P.; Couillard-Després, S.; Cooper-Kuhn, C.M.; Winkler, J.; Aigner, L.; Kuhn, H.G. Transient expression of doublecortin

during adult neurogenesis. J. Comp. Neurol. 2003, 467, 1–10. [CrossRef] [PubMed]
128. Bonfanti, L. PSA-NCAM in mammalian structural plasticity and neurogenesis. Prog. Neurobiol. 2006, 80, 129–164. [CrossRef]

[PubMed]
129. Sarnat, H.B. Immunocytochemical markers of neuronal maturation in human diagnostic neuropathology. Cell Tissue Res. 2015,

359, 279–294. [CrossRef] [PubMed]
130. Francis, F.; Koulakoff, A.; Boucher, D.; Chafey, P.; Schaar, B.; Vinet, M.C.; Friocourt, G.; McDonnell, N.; Reiner, O.; Kahn, A.; et al.

Doublecortin is a developmentally regulated, microtubule-associated protein expressed in migrating and differentiating neurons.
Neuron 1999, 23, 247–256. [CrossRef]

131. Gleeson, J.G.; Lin, P.T.; Flanagan, L.A.; Walsh, C.A. Doublecortin is a microtubule-associated protein and is expressed widely by
migrating neurons. Neuron 1999, 23, 257–271. [CrossRef]

132. Couillard-Després, S.; Winner, B.; Schaubeck, S.; Aigner, R.; Vroemen, M.; Weidner, N.; Bogdahn, U.; Winkler, J.; Kuhn, H.-G.;
Aigner, L. Doublecortin expression levels in adult brain reflect neurogenesis. Eur. J. Neurosci. 2005, 21, 1–14. [CrossRef]

133. Koizumi, H.; Higginbotham, H.; Poon, T.; Tanaka, T.; Brinkman, B.C.; Gleeson, J.G. Doublecortin maintains bipolar shape and
nuclear translocation during migration in the adult forebrain. Nat. Neurosci. 2006, 9, 779–786. [CrossRef] [PubMed]

134. Burgess, H.A.; Reiner, O. Doublecortin-like kinase is associated with microtubules in neuronal growth cones. Mol. Cell. Neurosci.
2000, 16, 529–541. [CrossRef]

135. Sapir, T.; Horesh, D.; Caspi, M.; Atlas, R.; Burgess, H.A.; Wolf, S.G.; Francis, F.; Chelly, J.; Elbaum, M.; Pietrokovski, S.; et al.
Doublecortin mutations cluster in evolutionarily conserved functional domains. Hum. Mol. Genet. 2000, 9, 703–712. [CrossRef]

http://doi.org/10.1523/JNEUROSCI.1143-20.2020
http://doi.org/10.1177/1073858405282304
http://doi.org/10.1126/science.1114362
http://www.ncbi.nlm.nih.gov/pubmed/16195464
http://doi.org/10.1016/j.semcdb.2020.09.009
http://doi.org/10.1007/s00429-018-1708-z
http://doi.org/10.1038/tp.2015.115
http://doi.org/10.1161/CIRCRESAHA.116.309048
http://doi.org/10.3390/brainsci11020275
http://doi.org/10.1016/j.pediatrneurol.2021.07.012
http://doi.org/10.1038/s41593-019-0471-7
http://doi.org/10.1093/schbul/sbn187
http://doi.org/10.1016/j.tins.2020.10.017
http://www.ncbi.nlm.nih.gov/pubmed/33246578
http://doi.org/10.1038/nrn2513
http://doi.org/10.1016/j.neuroscience.2017.07.065
http://www.ncbi.nlm.nih.gov/pubmed/28827089
http://doi.org/10.1002/hipo.23032
http://www.ncbi.nlm.nih.gov/pubmed/30844139
http://doi.org/10.1097/WCO.0000000000000074
http://doi.org/10.1126/science.1254403
http://doi.org/10.3389/fncel.2020.00283
http://doi.org/10.1016/j.brainresrev.2008.07.007
http://www.ncbi.nlm.nih.gov/pubmed/18708092
http://doi.org/10.1002/cne.10874
http://www.ncbi.nlm.nih.gov/pubmed/14574675
http://doi.org/10.1016/j.pneurobio.2006.08.003
http://www.ncbi.nlm.nih.gov/pubmed/17029752
http://doi.org/10.1007/s00441-014-1988-4
http://www.ncbi.nlm.nih.gov/pubmed/25227552
http://doi.org/10.1016/S0896-6273(00)80777-1
http://doi.org/10.1016/S0896-6273(00)80778-3
http://doi.org/10.1111/j.1460-9568.2004.03813.x
http://doi.org/10.1038/nn1704
http://www.ncbi.nlm.nih.gov/pubmed/16699506
http://doi.org/10.1006/mcne.2000.0891
http://doi.org/10.1093/hmg/9.5.703


Int. J. Mol. Sci. 2021, 22, 9358 20 of 20

136. Rutishauser, U.; Acheson, A.; Hall, A.K.; Mann, D.; Sunshine, J. The neural cell adhesion molecule (NCAM) as a regulator of
cell-cell interactions. Science 1988, 240, 53–57. [CrossRef]

137. Durbec, P.; Cremer, H. Revisiting the function of PSA-NCAM in the nervous system. Mol. Neurobiol. 2001, 24, 53–64.
138. Bonfanti, L.; Theodosis, D.T. Polysialic acid and activity-dependent synaptic remodeling. Cell Adhes. Migr. 2009, 3, 43–50.

[CrossRef]
139. Cai, Y.; Xiong, K.; Chu, Y.; Luo, D.W.; Luo, X.G.; Yuan, X.Y.; Struble, R.G.; Clough, R.W.; Spencer, D.D.; Williamson, A.; et al.

Doublecortin expression in adult cat and primate cerebral cortex relates to immature neurons that develop into GABAergic
subgroups. Exp. Neurol. 2009, 216, 342–356. [CrossRef]

140. Luzzati, F.; Bonfanti, L.; Fasolo, A.; Peretto, P. DCX and PSA-NCAM expression identifies a population of neurons preferentially
distributed in associative areas of different pallial derivatives and vertebrate species. Cereb. Cortex 2009, 19, 1028–1041. [CrossRef]

141. Bloch, J.; Kaeser, M.; Sadeghi, Y.; Rouiller, E.M.; Redmond, D.E., Jr.; Brunet, J. Doublecortin-positive cells in the adult primate
cerebral cortex and possible role in brain plasticity and development. J. Comp. Neurol. 2011, 519, 775–789. [CrossRef]

142. Fung, S.J.; Joshi, D.; Allen, K.M.; Sivagnanasundaram, S.; Rothmond, D.A.; Saunders, R.; Noble, P.L.; Webster, M.J.; Shannon
Weickert, C. Developmental patterns of doublecortin expression and white matter neuron density in the postnatal primate
prefrontal cortex and schizophrenia. PLoS ONE 2011, 6, e25194. [CrossRef] [PubMed]

143. Marlatt, M.W.; Philippens, I.; Manders, E.; Czéh, B.; Marian Joels, M.; Harm Krugers, H.; Lucassen, P.J. Distinct structural
plasticity in the hippocampus and amygdala of the middle-aged common marmoset (Callithrix jacchus). Exp. Neurol. 2011, 230,
291–301. [CrossRef]

144. Chareyron, L.J.; Banta Lavenex, P.; Amaral, D.G.; Lavenex, P. Life and death of immature neurons in the juvenile and adult
primate amygdala. Int. J. Mol. Sci. 2021, 22, 6691. [CrossRef]

145. Duque, A.; Spector, R. A balanced evaluation of the evidence for adult neurogenesis in humans: Implication for neuropsychiatric
disorders. Brain Struct. Funct. 2019, 224, 2281–2295. [CrossRef]

146. Theodosis, D.T.; Poulain, D.A.; Oliet, S.H. Activity-dependent structural and functional plasticity of astrocyte-neuron interactions.
Physiol. Rev. 2008, 88, 983–1008. [CrossRef]

147. Charvet, C.J.; Striedter, G.F. Developmental modes and developmental mechanisms can channel brain evolution. Front. Neuroanat.
2011, 5, 4. [CrossRef]

148. Dyer, M.A.; Martins, R.; da Silva Filho, M.; Muniz, J.A.; Silveira, L.C.; Cepko, C.L.; Finlay, B.L. Developmental sources of
conservation and variation in the evolution of the primate eye. Proc. Natl. Acad. Sci. USA 2009, 106, 8963–8968. [CrossRef]

149. Cahalane, D.J.; Charvet, C.J.; Finlay, B.L. Modeling local and cross-species neuron number variations in the cerebral cortex as
arising from a common mechanism. Proc. Natl. Acad. Sci. USA 2014, 111, 17642–17647. [CrossRef]

150. Haldipur, P.; Aldinger, K.A.; Bernardo, S.; Deng, M.; Timms, A.E.; Overman, L.M.; Winter, C.; Lisgo, S.N.; Silvestri, E.; Manganaro,
L.; et al. Spatiotemporal expansion of primary progenitor zones in the developing human cerebellum. Science 2019, 366, 454–460.
[CrossRef]

151. Rakic, P. Neurons in rhesus monkey visual cortex: Sustematic relation between time of origin and eventual disposition. Science
1974, 183, 425–427. [CrossRef]

152. Charvet, C.J.; Cahalane, D.J.; Finlay, B.L. Systematic, cross-cortex variation in neuron numbers in rodents and primates. Cereb.
Cortex 2015, 25, 147–160. [CrossRef]

153. Srinivasan, S.; Carlo, C.N.; Stevens, C.F. Predicting visual acuity from the structure of visual cortex. Proc. Natl. Acad. Sci. USA
2015, 112, 7815–7820. [CrossRef] [PubMed]

154. Lambert, K.; Eisch, A.J.; Galea, L.A.M.; Kempermann, G.; Merzenich, M. Optimizing brain performance: Identifying mechanisms
of adaptive neurobiological plasticity. Neurosci. Biobehav. Rev. 2019, 105, 60–71. [CrossRef] [PubMed]

155. Merzenich, M.M.; Van Vleet, T.M.; Nahum, M. Brain plasticity-based therapeutics. Front. Hum. Neurosci. 2014, 8, 385. [CrossRef]
[PubMed]

http://doi.org/10.1126/science.3281256
http://doi.org/10.4161/cam.3.1.7258
http://doi.org/10.1016/j.expneurol.2008.12.008
http://doi.org/10.1093/cercor/bhn145
http://doi.org/10.1002/cne.22547
http://doi.org/10.1371/journal.pone.0025194
http://www.ncbi.nlm.nih.gov/pubmed/21966452
http://doi.org/10.1016/j.expneurol.2011.05.008
http://doi.org/10.3390/ijms22136691
http://doi.org/10.1007/s00429-019-01917-6
http://doi.org/10.1152/physrev.00036.2007
http://doi.org/10.3389/fnana.2011.00004
http://doi.org/10.1073/pnas.0901484106
http://doi.org/10.1073/pnas.1409271111
http://doi.org/10.1126/science.aax7526
http://doi.org/10.1126/science.183.4123.425
http://doi.org/10.1093/cercor/bht214
http://doi.org/10.1073/pnas.1509282112
http://www.ncbi.nlm.nih.gov/pubmed/26056277
http://doi.org/10.1016/j.neubiorev.2019.06.033
http://www.ncbi.nlm.nih.gov/pubmed/31356835
http://doi.org/10.3389/fnhum.2014.00385
http://www.ncbi.nlm.nih.gov/pubmed/25018719

	Introduction 
	Plasticity: What Is It and How Does It Vary? 
	From Neuronal to Brain Maturation: Definitions and Heterogeneity 
	Maturation in the Mammalian Brain According to Location, Age, and Species: Examples and Implications for Human Brain Plasticity 
	Molecules of Immaturity: Their Limits and Use/Misuse as Markers 
	Building on Translating Time to Align Ages across Species 
	Conclusions 
	References

